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SUMMARY 

Improving the tribological functionality ot diamondlike carbon (DLC) films — developing good wear resistance, 
low friction, and high load-carrying capacity — was the aim of this investigation. Nanocomposite coatings consisting 
of an amorphous DLC (a-DLC) top layer and a functionally graded titanium— titanium carbon— diamondlike carbon 
(Ti-Ti x C -DLC) underlayer were produced on AISI 440C stainless steel substrates by the hybrid technique of mag- 
netron sputtering and pulsed-laser deposition. The resultant DLC Films were characterized by Raman spectroscopy, 
scanning electron microscopy, and surface profilometry. Two types of wear experiment were conducted in this in- 
vestigation: sliding friction experiments and fretting wear experiments. Unidirectional ball-on-disk sliding friction 
experiments were conducted to examine the wear behavior of an a-DLC/Ti-Ti x C y -DLC-coated AISI 440C stainless 
steel disk in sliding contact with a 6-mm-diameter AISI 440C stainless steel ball in ultrahigh vacuum, dry nitrogen, 
and humid air. Although the wear rates for both the coating and ball were low in all three environments, the humid 
air and dry nitrogen caused mild wear with burnishing in the a-DLC top layer, and the ultrahigh vacuum caused 
relatively severe wear with brittle fracture in both the a-DLC top layer and the Ti-Ti x C y -DLC underlayer. For refer- 
ence, amorphous hydrogenated carbon (H-DLC) films produced on a-DLC/Ti-Ti x C y -DLC nanocomposite coatings 
by using an ion beam were also examined in the same manner. The H-DLC films markedly reduced friction even in 
ultrahigh vacuum without sacrificing wear resistance. The H-DLC films behaved much like the a-DLC/Ti-Ti x 
C -DLC nanocomposite coating in dry nitrogen and humid air, presenting low friction and low wear. Fretting wear 
experiments were conducted in humid air (~50 percent relative humidity) at a frequency of 80 Hz and an amplitude 
of 75 pm on an a-DLC/Ti-Ti x C -DLC-coated AISI 440C disk and on a titanium-6 wt% aluminum-4 wt% vanadium 
(Ti-6A1-4V) flat, both in contact with a 9.4-mm-diameter, hemispherical Ti-6A1-4V pin. The resistance to fretting 
wear and damage of the a-DLC/Ti-6Al-4V materials pair was superior to that of the Ti-6A1-4V/Ti-6A1-4V materials 
pair. 


INTRODUCTION 

The nature of the substrate and its predeposition treatment play a major role in determining the load-carrying 
capacity and wear resistance of diamondlike carbon (DLC) coatings in tribological applications. Especially when the 
DLC coatings are applied to relatively soft substrates, such as steels, the brittle nature and high internal compressive 
stresses (1 to 2 GPa) of DLC may limit the applications to light loads. In other words, the maximum load that such a 
sliding or rolling contact system can support without failure or wear exceeding the design limits for the particular 
application is low. Therefore, the synergistic characteristics of amorphous DLC (a-DLC), such as bending strength, 
shear strength, elasticity, and hardness, as well as adhesion of DLC to its substrate in DLC-substrate systems, must 
be improved through methods such as the use of multilayer DLC coatings (refs. 1 to 8) and compositional modifica- 
tion of DLC (refs. 9 to 14). 
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In a previous study by Voevodin et al. (ref. 1 ) several design concepts, including titanium-titanium carbon- 
diamondlike carbon (Ti-Ti x C y -DLC) functionally graded nanocomposite coatings, were developed to increase the 
fracture toughness of DLC-based coatings while preserving the superhardness (60 to 70 GPa) of DLC. The study 
demonstrated how the potential of superhard DLC coatings for wear protection can be multiplied by the develop- 
ment of functionally graded nanocomposite designs. 

In this present investigation two types of wear experiment were conducted to examine the sliding wear and fret- 
ting wear properties of amorphous DLC-based functionally graded nanocomposite (a-DLC/Ti-Ti x C y -DLC) coatings. 
First, unidirectional ball-on-disk sliding friction experiments were conducted to examine the wear behavior of an 
a-DLC/Ti-Ti x C y -DLC-coated AISI 440C stainless steel disk in sliding contact with a 6-mm-diameter AISI 440C 
stainless steel ball at room temperature in ultrahigh vacuum (7xl0 -7 to 2XKT 6 Pa), in dry nitrogen (<1% relative 
humidity), and in humid air (~50 percent relative humidity). For reference, amorphous hydrogenated carbon 
(H-DLC) films deposited on a-DLC/Ti-Ti x C y -DLC coatings were also examined in the same manner. Second, fret- 
ting wear experiments were conducted to examine the fretting wear behavior of an a- DLC/Ti-Ti x C y - DLC -coated flat 
and a titanium-6 wt% aluminum— 4 wt% vanadium (Ti-6A1-4V) Hat, both in contact with a 9.4-mm-diameter, hemi- 
spherical Ti-6AI-4V pin at room temperature in humid air (-50 percent relative humidity). 

The a-DLC/Ti-Ti v C -DLC nanocomposite coatings, consisting of an a-DLC top layer and a functionally graded 

x y 

Ti-Ti x C y -DLC underlayer, were produced on AISI 440C stainless steel substrates by the hybrid technique of magne- 
tron sputtering and pulsed-laser deposition. The H-DLC films were produced on a-DLC/Ti-Ti x C y -DLC functionally 
graded nanocomposite coatings by the impact of an ion beam (composed of a mixture of methane (CH 4 ) and argon 
(Ar) or oxygen (CL)) at an ion energy of 1 500 or 300 eV. 

The resultant a-DLC- and H-DLC-based, functionally graded, nanocomposite coatings and their wear surfaces 
were characterized by Raman spectroscopy, scanning electron microscopy (SEM), energy-dispersive x-ray spectros- 
copy (EDX), and surface profilometry. Raman spectroscopy was used to characterize the carbon bonding and the 
chemical structure. SEM and EDX were used to determine the morphology and elemental composition of wear sur- 
faces and wear debris. The sampling depth of EDX for elemental information ranged between 0.5 and I mm in this 
investigation. Surface profilometry was used to determine the surface morphology, roughness, and wear of the 
coatings. 


MATERIALS 

Figure 1(a), a schematic diagram of the a-DLC/Ti-Ti x C -DLC functionally graded nanocomposite coating, also 
shows the composition and properties of the coating layers. Voevodin et al. (ref. 15) provides detailed analyses of 
the gradations of compositional, structural, and mechanical properties in the graded coating. The coating composi- 
tion varied from titanium to a-DLC through an intermediate Ti x C y ceramic region, and the hardness generally 
increased gradually from the AISI 440C stainless steel substrate to the a-DLC, preventing sharp changes in chemis- 
try, structure, and mechanical properties. 

The a-DLC/Ti-Ti x C y -DLC multilayer coatings were prepared with a hybrid technology called magnetron- 
sputter-assisted, pulsed-laser deposition (MSPLD) (ref. 16). Fluxes of energetic carbon from pulsed-laser deposition 
and titanium atoms from magnetron sputtering were intersected on the substrate surface. The individual fluxes were 
controlled independently to achieve a preprogrammed variation of the composition and structure across the coating 
thickness. Laser beam scanning and specimen positioning ensured a uniform coating without compositional varia- 
tions in directions parallel to the substrate surface. All depositions were performed with substrate temperatures of 
100 °C. The substrates were AISI 440C stainless steel disks (3 mm thick, 25 mm in diameter) heat treated to the 
Vickers microhardness of 7 to 8 GPa and polished to below 0. 1-fim centerline-average roughness (R a )- They were 
etched with I keV argon ions for 30 min prior to deposition. The functionally graded nanocomposite coating com- 
prised an ~0.5-|im-thick DLC layer on a 0.45-jim-thick graded Ti-Ti x C y -DLC underlayer. Six specimens of a-DLC / 
Ti-Ti x C y -DLC functionally graded nanocomposite coatings deposited on AISI 440C stainless steel disk substrates 
were used in this investigation. Their surfaces were smooth and their centerline-average roughness ( R a ), measured 
by using a cutoff of 1 mm. was 19 nm with a standard deviation of 5 nm. 

Figure 1(b) is a schematic diagram of an H-DLC film deposited on an a-DLC/Ti-Ti x C y -DLC functionally 
graded nanocomposite underlayer. The H-DLC films (ref. 17) were produced on the underlayer by the impact of an 
ion beam composed of a 3: 17 mixture of Ar and CH 4 at an ion energy of 1500 eV, a 1 : 17 mixture of CL and CH 4 at 
an ion energy of 1 500 eV, and a 2: 1 7 mixture of CL and CH 4 at an ion energy of 300 eV (table I). The H-DLC film 
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thickness and centerline-average roughness (R a ), measured by using a cutoff of I mm, as well as the radiofrequency 
power used are also presented in table I. The H-DLC films contained more than 30 percent hydrogen (rel. 18). 

Figure 2 presents typical Raman spectra of an a-DLC/Ti-Ti x C y -DLC functionally graded nanocomposite coat- 
ing and an H-DLC film deposited on the a-DLC/T i -Ti x C y - DLC coating. The two Raman spectra are similar and 
indicate the presence of amorphous nondiamond carbon both in the a-DLC top layer and in the H-DLC film, but the 
characteristic sp^-bonded diamond peak is absent. The two spectra show that sp 2 -bonded graphitic amorphous car- 
bon was prevalent in both the a-DLC and H-DLC. 

The polished TL6A1-4V fiats were smooth; the mean R a , measured by using a cutoff of 0.8 mm, was 7.3 nm 
with a standard deviation of 0.94 nm. The surfaces of the 6-mm-diameter AISI 440C stainless steel balls (grade 10) 
were smooth (mean R a , 25 nm). The polished surfaces of the 9.4-mm-diameter hemispherical Ti-6AL4V pins were 
also smooth (mean R a , 1 10 nm). 


EXPERIMENTS 

Unidirectional ball-on-disk sliding friction experiments were conducted in ultrahigh vacuum (7xl0 -7 to 
2x10^ Pa), in dry nitrogen (<1 percent relative humidity ), and in humid air (-50 percent relative humidity) at 23 °C 
(table II). All sliding experiments were conducted with a load of 0.98 N at a constant rotating speed of 120 rev/min 
(the sliding velocity ranged from 3 1 to 107 mm/s because of the wear track radii involved in the experiments). The 
friction-and-wear apparatus used in the investigation (fig. 3(a)) was mounted in a vacuum chamber. The apparatus 
can measure friction in ultrahigh vacuum, in dry nitrogen, and in humid air during sliding. Wear was quantified by 
measuring the size of the wear scar and wear track on each specimen after the wear experiment. All sliding experi- 
ments were conducted with 6-mm-diameter AISI 440C stainless steel balls in sliding contact with a-DLC/Ti-Ti x 
C -DLC functionally graded nanocomposite coatings deposited on AISI 440C stainless steel substrate disks and 
with H-DLC films deposited on the a-DLC/Ti-Ti x C y -DLC coatings. The initial mean Hertzian contact pressure was 
~0.6 GPa. The friction force was continuously monitored during the experiments. Coating wear volumes were ob- 
tained by measuring the average cross-sectional area, determined from stylus tracings, across the wear tracks at a 
minimum of eight locations in each wear track. Then, the average cross-sectional area of the wear track was multi- 
plied by the wear track length. The wear rate, known as the dimensional wear coefficient, is defined as the volume 
of material removed at a unit load and in a unit sliding distance expressed as cubic millimeters/newton-meter. 

Fretting wear experiments were conducted in humid air (-50 percent relative humidity) at 23 °C (table II). All 
fretting wear experiments were conducted with a load of 1 .47 N at a constant frequency of 80 Hz with an amplitude 
of 75 jim for a total of 500 000 cycles. The fretting wear apparatus used in the investigation (fig. 3(b)) was mounted 
in a closed chamber. All fretting wear experiments were conducted with 9.5-mm-diameter hemispherical Ti-6A1-4V 
pins in contact with Ti-6A1-4V fiats and in contact with a-DLC/Ti-Ti x C y -DLC functionally graded nanocomposite 
coatings deposited on AISI 440C stainless steel substrate disks. The initial mean Hertzian contact pressures were 
-0.25 and 0.35 GPa, respectively. 


RESULTS AND DISCUSSION 
Sliding Friction and Wear of a-DLC and H-DLC 

Friction behavior . — Figure 4 presents typical friction traces obtained in ultrahigh vacuum, in dry nitrogen, and 
in humid air for a-DLC/Ti-Ti x C y -DLC functionally graded nanocomposite coatings and for H-DLC films deposited 
on these coatings, both in sliding contact with AISI 440C stainless steel balls, as a function of the number of passes 
to 10 000. The friction traces indicate the marked difference in friction due to the environmental conditions and the 
materials pairs. 

With the a-DLC (fig. 4(a)) the mean coefficients of friction obtained in ultrahigh vacuum were higher than 
those obtained in dry nitrogen and in humid air by factors of 3 to 10. Also, the irregularities in the friction traces 
were much greater in ultrahigh vacuum than in dry nitrogen and humid air. The steady-state coelficients ot friction 
obtained in dry nitrogen after 3000 passes were slightly higher than those obtained in humid air. With a-DLC 
(amorphous carbon ), as with graphite, the water vapor in humid air can reduce friction. 
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With the H-DLC (fig. 4(b)) the mean coefficients of friction obtained in ultrahigh vacuum after -500 passes 
were higher than those obtained in dry nitrogen and in humid air by factors of 2 to 17. Also, the irregularities in the 
friction traces were much greater in ultrahigh vacuum than in dry nitrogen and humid air. The high friction and its 
variations resulted from high adhesion. The coefficients of friction obtained in humid air to 10 000 passes were 
much higher than those obtained in dry nitrogen. With the H-DLC friction rose with the presence of water vapor in 
humid air, opposite to the effect of water vapor on a-DLC’s friction. 

Figure 5 presents friction traces obtained in ultrahigh vacuum for an a-DLC/Ti-Ti x C y -DLC functionally graded 
nanocomposite coating and for an H-DLC film deposited on this coating, both in sliding contact with AISI 440C 
stainless steel balls, as a function of the number of passes to 1000 and 670 passes, respectively. The coefficients of 
friction were lower for the H-DLC than for the a-DLC by a factor of 6. The mean steady-state coefficient of friction 
for the H-DLC was relatively low, -0. 1 from 60 to 630 passes. The a-DLC had a high coefficient of friction, -0.6 to 
1000 passes. After 630 passes the coefficient of friction for the H-DLC increased to 0.3 at 670 passes because the 
H-DLC film was locally removed and the a-DLC/Ti-Ti x C y -DLC underlayer was locally present on the wear track. 
Thus, amorphous hydrogenated carbon (H-DLC or a-C:H) markedly reduced friction in ultrahigh vacuum. 

Wear behavior . — The wear of a-DLC/Ti-Ti x C y -DLC functionally graded nanocomposite coatings in sliding 
contact with an AISI 440C stainless steel ball was markedly different in the different environments (ref 19). The 
wear behavior of H-DLC films deposited on a-DLCATi-Ti x C y -DLC coatings was analogous to that of a-DLC/Ti- 
Ti x C ,-DLC. 

With the materials pair of a-DLC/Ti-Ti x C y -DLC coating and AISI 440C stainless steel ball, the ultrahigh vacu- 
um caused relatively mild wear with burnishing in the a-DLC top layer to -1200 passes. The a-DLC top layers had a 
mean wear rate of 4.2x10“^ mnvVN-m and a coefficient of friction of 0.56 under the relatively mild wear condition 
(fig. 6(a)). The wear rate of the counterpart material, the AISI 440C stainless steel ball, to 1200 passes was on the 
order of 10 -7 mm^/N-m (fig. 6(b)). The a-DLC layer started to delaminate at -1200 passes. This number is the criti- 
cal number of passes to delaminate the a-DLC top layer and corresponds to the wear life of the top layer sliding 
against the AISI 440C stainless steel. After -1200 passes the ultra-high-vacuum environment caused relatively 
severe wear with brittle fracture in both the a-DLC top layer and the Ti-Ti x C y -DLC underlayer, and both the 
coating wear rate and the coefficient of friction increased (ref. 19). Fracturing, delamination, and fragmentation of 
the a-DLC top layer and the Ti-Ti x C v -DLC underlayer took place during this relatively severe wear process in ultra- 
high vacuum. After 4400 to 6500 passes the a-DLC top layer was almost completely removed from the wear track, 
and sliding contact between the Ti-Ti x C y -DLC underlayer and the AISI 440C stainless steel ball occurred. To 
10 000 passes under this relatively severe wear condition, the coating wear rate and coefficient of friction were 
3.0xl0“ s mm 3 /N-m and 0.92, respectively (fig. 6(a)), and the ball wear rate was L2xl0~ 6 mm 3 /N-m (fig. 6(b)). 

The dry-nitrogen and humid-air environments caused mild wear with burnishing in the a-DLC top layer. The 
a-DLC top layer was present in the entire track even at 550 (XX) sliding passes, providing a low coefficient of fric- 
tion, low coating wear rate, and low ball wear rate. 

H-DLC films deposited on a-DLC/Ti-Ti x C y -DLC nanocomposite coatings behaved much like the a-DLC/Ti- 
Ti x C y -DLC. To a critical number of passes (-600), corresponding to the wear life of the H-DLC film, the ultra- 
high-vacuum environment caused relatively mild wear with burnishing in the H-DLC film. After the critical number 
of passes the ultra-high- vacuum environment caused relatively severe wear with brittle fracture in both the H-DLC 
film and the a-DLC/Ti-Ti x C y -DLC underlayer. In ultrahigh vacuum the H-DLC film wear rales and coefficients of 
friction were 9. lxl()~ 7 mm-vN-m and 0. 1 and lxl()~ 6 mm 3 /N-m and 0.3 to 600 and 10 (XX) passes, respectively 
(fig. 6(a)). and the ball wear rates were 8xl() -7 and 4.7x1 0 -6 mnrVN-m to 600 and 10 000 passes, respectively 
(fig. 6(b)). 

The dry-nitrogen and humid-air environments caused mild wear with burnishing in the H-DLC film. The 
H-DLC film was present in the entire track even at 550 000 sliding passes in both environments, providing a low 
coefficient of friction, low coating wear rate, and low ball wear rate (fig. 6). 


Fretting Wear of a-DLC 

On the metal surfaces of the hemispherical Ti-6AI-4V pins and the Ti-6AI-4V flats fretted in air at 50 percent 
relative humidity, the damage consisted of pits filled with loose oxide debris, smeared debris, and agglomerated 
wear debris (fig. 7). In contrast, the materials pair of Ti-6A1-4V pin and a-DLC/Ti-Ti x C y -DLC-coated AISI 440C 
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disk had remarkably different fretting scars (fig. 8). The SEM photomicrographs presented in figures 7 and 8 clearly 
indicate the marked difference in fretting damage resulting from the different materials pairs. 

The size of the fretting wear scars (fig. 9), the degree of surface roughness developed in the pits, and the debris 
produced were all much less for the materials pair of Ti-6A1-4V and a-DLC than for the materials pair of Ti-6A1-4V 
and Ti-6A1-4V. The a-DLC coating remarkably reduced the area of surface fretting damage — by a factor of 1 8 for 
the pin and by a factor of 1 1 for the flat. 

The surface roughness in the surface-damaged area of the Ti-6AI-4V flat alter contact with the Ti-6A1-4V pin 
(fig. 10(a)) was 5 1 times greater than that of the not-fretted, polished area. But, the surface roughness in the fretting 
scar of the a-DLC flat after contact with the Ti-6A1-4V pin (fig. 10(a)) was almost the same order of magnitude as 
the surface roughness of the not-fretted, as-deposited coating surface. The mean value of maximum fretting scar 
depth in the Ti-6A1-4V fiats in contact with the Ti-6A1-4V pins was 28 times greater than that in the 
a-DLC flats in contact with Ti-6A1-4V pins (fig. 10(b)). 


CONCLUDING REMARKS 

The friction and wear of a-DLC/Ti-Ti x C y -DLC functionally graded nanocomposite coatings differed markedly 
for different environmental conditions and materials pairs. The humid-air and dry-nitrogen environments caused 
mild wear with burnishing in the a-DLC top layer, but the ultra-high-vacuum environment caused relatively severe 
wear with brittle fracture in both the a-DLC top layer and the Ti-Ti x C y -DLC underlayer. The humid-air and dry- 
nitrogen environments provided a preferable level of low coefficient of friction, low wear rate of the a-DLC top 
layer, and low wear rate of the AISI 440C stainless steel ball (counterpart material). 

Hydrogenated carbon (H-DLC) markedly reduced friction in ultrahigh vacuum. H-DLC films deposited on 
a-DLC/Ti-Ti x C ,-DLC nanocomposite coatings behaved much like the a-DLC/Ti-Ti x C -DLC coatings in dry nitro- 
gen and in humid air, providing low coefficient of friction, low coating wear rate, and low ball wear rate. 

A marked difference in fretting damage resulted with different materials pairs: the materials pair of a-DLC/Ti- 
Ti x C -DLC-coated AISI 440C stainless steel disk and AISI 440C stainless steel ball was superior in fretting wear 
and (damage resistance to the materials pair of Ti-6A1-4V and itself. The a-DLC/Ti-Ti x C y -DLC functionally graded 
coating remarkably reduced the fretting damage on the surfaces of both a-DLC and AISI 440C stainless steel. 
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TABLE [.—DEPOSITION CONDITIONS, THICKNESS, AND SURFACE 
ROUGHNESS OF H-DLC FILMS DEPOSITED ON a-DLC/Ti-Ti x C y -DLC 

COATINGS BY DIRECT IMPACT OF ION BEAM 


jRoom temperature ] 


Gas mixture 

Ion energy, 
eV 

Radio- 

frequency 

power, 

W 

Thickness, 

nm 

Surface roughness, 

V 

nm 

Mean 

Standard 

deviation 

Ar (3) CH 4 (17) 

1500 

91 

800 

10 

1.7 

0 : (I) CH 4 (I7) 

1500 

79 

400 

22 

5.4 

0,(2) CH 4 ( 17) 

300 

79 

260 

35 

6.7 


TABLE 11 —CONDITIONS FOR SLIDING WEAR AND FRETTING WEAR EXPERIMENTS 


Condition 

Unidirectional, pin-on-disk, rotating 
sliding friction experiments 

Fretting wear experiments 

Environment 

Humid air (-50 percent relative 
humidity (RH)) 

Dry nitrogen (< 1 percent RH) 

Ultrahigh vacuum (7x10" 7 to 2xlO' 6 Pa) 

Humid air (50 percent RH) 

Substrate 

AISI 440C stainless steel disk 

AISI 440C stainless steel disk 

Coating 

a-DLC/Ti-Ti x C y -DLC 
H-DLC/a-DLC/Ti-Ti Y C V -DLC 

A y 

a-DLC/Ti- Ti Y C V -DLC 
A y 

Flat 


Ti-6A1-4V flat 

Counterpart material 

6-mm-diameter AISI 440C stainless steel 
ball (grade 10) 

9.4-rnm-diameter hemispherical Ti-6A3-4V 
pin 

Load. N 

0.98 

1.57 

Contact pressure, GPa 

0.6 


Rotating speed, rpm 

120 


Sliding velocity, mm/s 

31 to 107 


Frequency, Hz 


80 

Amplitude, pm 


75 

Total number of cycles 


500 000 
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Material 

Hardness, 

Elastic modulus, 

Thickness, 

- 

GPa 

GPa 

nm i 

DLC at 10-5 p a 

70 

650 

400 

DLC at 2x1 0 -1 Pa 

43 

450 

100 

Ti.ioC.90 

25 

290 

25 

Ti.25C.75 

27 

350 

25 

Ti.30C.70 

29 

370 

100 

Ti.50C.50 

20 

290 

100 

Ti.70C.30 

14 

230 

100 

Ti.90C.10 

6 

150 

50 

a-Ti 

4 

140 

50 


’ 7777777777777777?7TV7777777rrrr7777777777777777777777777777777?77777 , r^, 

X AISI 440C stainless 7-8 220 3x106^4- 
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Figure i _ Schematic diagram of a-DLC and H-DLC coatings, (a) Functionally graded 
a-DLC/Ti-TixCy-DLC multilayer coating showing gradation of composition and properties 
across coating thickness, (b) H-DLC coatings deposited on a-DLC/Ti-TixCy-DLC. 
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Number of passes 



Number of passes 


Figure 4. — Friction traces for DLC-based, functionally 
graded nanocomposite coatings in sliding contact 
with AISI 440C stainless steel balls as function of 
number of passes in ultrahigh vacuum, in dry nitro- 
gen, and in humid air. (a) a-DLC/Ti-TixCy-DLC. 

(b) H-DLC film deposited on a-DLC/Ti-TixCy-DLC. 



Number of passes 


Figure 5. — Friction traces for a-DLC/Ti-TixCy-DLC 
coating and for H-DLC film deposited on a-DLC/ 
Ti-TixCy-DLC in sliding contact with AISI 440C 
stainless steel balls as function of number of 
passes in ultrahigh vacuum. 
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Figure 6. — Coefficients of friction and wear rates (a) for DLC coatings and (b) 
for AISI 440C stainless steel balls in sliding contact in ultrahigh vacuum, in 
dry nitrogen, and in humid air. 
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Wear debris 


Figure 7. — Fretting wear scars (a) on Ti-6AI-4V pin 
and (b) on Ti-6AI-4V flat in humid air at 50% relative 
humidity. 
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Materials pair 

Figure 9. — Sizes of fretting wear scars for Ti-6AI-4V pin 
on H-6AI-4V flat and for T1-6AI-4V pin on a-DLC flat. 
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Figure 10. — Surface roughness developed in fretting wear scars and maximum depth of fretting wear scars 
for Ti-6AI-4V/a-DLC materials pair, (a) Surface roughness of fretting scars on flat, (b) Maximum depth of 
fretting scars on flat. 
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